Quantitative models, such as computable general equilibrium (CGE), that are increasingly used to inform policy processes rely on a number of assumptions concerning how good and services are produced. Previous research has shown that the elasticity of substitution between inputs and the structure in which these inputs interact can have large impacts on model output. However, the choice of elasticities and production structure is often made without the support of statistical evidence. This research aims to address these points by estimating nesting structure and the elasticities of substitution therein across a number of sectors in the UK then testing the implications of introducing these estimates to parameterise a CGE model that is then used to simulation the economy-wide impacts of increased efficiency in the productive use of energy.
Introduction
Multi-sectoral computable general equilibrium (CGE) models have become increasingly widely used to analyse the economy-wide impacts of a range of energy and environmental issue and policies (e.g. see Bergman, 2005 , for a review). In particular, CGE models are the most commonly used framework to investigate economy-wide rebound effects from increased efficiency in the use of energy in production (see Dimitropoulos, 2007; UKERC, 2007) . Research (e.g. Saunders, 2000 Saunders, , 2008 Turner, 2009; UKERC, 2007) has shown that the elasticity of substitution between energy and other inputs in production is a dominating factor governing both direct and economy-wide rebound effects when energy efficiency increases in production. Moreover, recent research by Lecca et al (2011) demonstrates that results of shocks involving changes in energy demand will be sensitive to how energy enters and combines with other inputs in the nested production functions commonly employed in CGE models; that is, to the 'separability' assumptions made in deciding how to introduce different inputs.
The appropriate means of introducing energy to production functions has been a source of debate more generally for a number of years (with Berndt and Wood , 1975, and Griffin and Gregory, 1976 , providing early production function estimates, focussing particularly on capital-energy substitutability/complementary; see Lecca et al, 2011 , for a review of the debate since). However, while CGE modellers often draw on econometric work to inform elasticities of substitution and/or subject results to parametric sensitivy analysis regarding the values associated with elasticities of substitution between inputs, it is rarely the case that the structure of the production function is statistically informed or subjected to testing. The limited number of examples of estimating nested production functions including energy include Kemfert (1998) and Van der Werf (2008) , but these do not extend to testing in CGE models.
The research reported in this paper aims to address these points by estimating the appropriate nesting structure between capital, labour and energy inputs to production, and the values of elasticities of subsitution therein before testing in a CGE modelling framework. We follow Van der Werf's (2008) method of estimating a logged system of equations for different nested combinations of these three inputs. However, we extend by estimating for different sectors within the target economy of the UK. We then use the best fitting estimates of production function nestings and 3 elasticities therein for the parameterisation of a 21-sector CGE model of the UK economy (we also estimate comparative results for the US, which are presented in an appendix), and go on to simulate the impacts of an increase in energy efficiency in all UK production sectors. Focussing on the economy-wide rebound effect as a key variable of interest, we consider the value-added gained from the econometric input to the model.
The reader should note that this is an early working paper, produced with the aim of eliciting comments and feedback on the econometric work in particular. A key limitation of the work reported here is that our estimates only cover three of the four commonly considered KLEM inputs.
That is, we do not consider how non-energy Material inputs enter the nested production function, limiting our attention to cases where Energy enters the nested production function through the value-added nest (i.e. combining first with capital, K, or Labour). This is due to difficulties in estimating a hierarchical production function with more than two nests using the Van der Werf (2008) methodology. Moreover, we are concerned about the fit particularly of the upper/outer nest equations. There may also be alternative methods of estimating and specifying production functions for use in a CGE modelling framework. For example, Adkins et al (2003) consider the recommendation of Partridge and Rickman (1998) , who cite and question the dominance of the nested CES approach in regional CGE models, and use a Bayesian framework to estimate Translog cost functions to consider own-and cross-price elasticities between different capital, labour and energy. While more flexible functional forms may be used instead of nested production functions in CGE models (e.g. Hertel and Mount, 1985; Despotakis and Fisher, 1988; Li and Rose, 1995) , it is less tractable to do so where there are multiple inputs and/or multiple sectoral outputs (Naqvi, 1998) . A possible solution may be that argued by Adkins et al (2003) , who suggest a combination of the two approaches may be used, with the results of estimation of more flexible translog cost functions used to inform nested CES substitution parameters.
Moreover, our continued research activity in this area involves improving the specification of the CGE modelling framework more generally, particularly in terms of the treatment of energy supply and investment and price determination decisions therein. Therefore, we welcome comments and feedback on the work more generally.
The issue of separability assumptions in production functions for CGE models
The CGE modelling literature identifies the elasticity of substitution between inputs in the production function and the structure in which these inputs interact among these assumptions as a 4 key issue, as does the wider energy economics literature. While, as noted above, some CGE modellers use flexible functional forms to retain as much flexibility as possible in terms of substitutability between inputs, it is more common for modellers to employ a nested CGE production function with pairwise substitutions at each nest (to increase the substitution possibilities between inputs where there are more than two). For example, producers may choose a composite of capital (K) and labour (L) inputs first, which then combines with energy (E) and other intermediates (generally referred to as materials, M, in the common KLEM specification) in a nested CES production function (with Cobb-Douglas and Leontief adopted at nests where substitutability between inputs is unitary or zero respectively). This case is illustrated in Figure 1 . However, as we demonstrate in Lecca et al. (2011) , the imposed structure of the production function and elasticity values therein may greatly impact on model results. A nested production structure requires the imposition of separability among the inputs. That is, while employing a nested production function allows differing substitutability overall where there are more than two inputs to production, such a structure only allows substitutions between pairs of inputs at any level in the hierarchy. Where one of the input nests involves a composite input resulting from substitution between another pair of inputs at a lower level (for example the capital-labour, or value-added composite in Figure 1 ) this has the implication that both of the inputs incorporated in the composite must substitute equally well for the third input (in Figure 1 , energy and/or materials).
For this reason, in this paper we attempt to extend on the Lecca et al. (2011) analysis by econometrically estimating the appropriate structure and parameter values for nested production functions for different production activities/sectors for the case study of the UK (we provide a US comparison of our econometric work in an appendix). While CGE models do commonly identify a
KLEM production function, where capital, labour, energy and other material/intermediate inputs are identified, in the first instance follow Van der Werf (2008) in attempting to estimate a simpler production function that focuses on the nesting and substitutability between just three inputs, capital, labour and energy. Thus, we estimate elasticities of substitution across three permutations of a 2-level constant elasticity of substitution (CES) production function (KL-E, KE-L and LE-K).
These are estimated at country and sectoral level for the UK, with 27 production sectors identified. Berndt and Wood (1975) were the first to estimate the elasticities of substitution with energy in a production function. Using US manufacturing data from 1947-1971, a logged four input (materials being the fourth) production function is estimated with 3 Stage Least Squares. Griffin and Gregory (1976) use manufacturing data across nine OECD countries for the years 1955, 1960, 1965, and 1969 to estimate a logged four input production function. These two early studies have many common results, but the main difference is whether energy and capital are substitutes or complements. Griffin and Gregory (1976) His results generally suggest that the KL-E nesting provides the best fit.
Econometric model
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In this paper, we attempt to make a new contribution to the literature by first extending on the work of Van Der Werf by using a larger dataset for the UK to obtain UK-specific country-and sectorallevel estimates. We also compute corresponding results for the US. Moreover, in the case of the UK we also consider the use of the econometric estimates to inform a the calibration process of a CGE modelling approach, as an example of the wide range of quantitative models that are increasingly commonly being used to inform policy evaluation. Estimating production functions empirically can be done either using non-linear least squares, or OLS if the data have been logged. Non-linear least squares estimation involves specifying the production function and iterating the parameters until the sum of squared residuals are minimized.
Data and method
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Here, in the case of a three input CES production function, there are seven parameters to estimate.
However, when we attempted this estimation method the estimated elasticities did not make economic sense for many of the industries.
Therefore, the next estimation method we attempted, and report here, is a logged OLS estimation.
The methodology of van der Werf (2008) is employed to estimate all three nests of a 2-level CES production functions with capital, labour, and energy by sector for the UK first at country level, then at sectoral level within. We carried out country level estimations for of all three nests using the entire sample and then for 1990-2005 for comparative purposes (see Table 2 ). The estimation equations, taking the case of the KL-E nesting are
The estimation equations are derived from an assumption of cost minimization with the choice of (2008)'s result, we find that the restrictions are rejected, we proceed with the restrictions to find parameters of the nested CES production function that fit the data best in the sense of comparing the empirical relevance of the 3 different nesting structures for CGE modelling applications.
Econometric results
The results in Table 2 show that for all three alternative nestings, we get elasticity estimates that are statistically significant with the full 35 year data set . There is less significance, particularly on the lower nest when the dataset is restricted to 1990-2005. Goodness of fit, which we measure by R 2 on each of the equations involved in the estimation is relatively high on the y 2 and y 3 equations used to estimate the lower nest in all three cases, but relatively low on the y 1 equation used to estimate the outer/upper nest in all three.
8 Table 2 . Elasticities estimated for aggregate UK production Overall, the LE-K specification would seem to perform best, followed most closely by the first, KL-E, but without a basis for a clear decision. However, none of the specifications perform well in terms of the outer/upper level estimate.
This raises the question of how we interpret the results. If we take the KL-E nesting first, Table 2 suggests that labour and capital substitute with an elasticity of 0.04, then this composite combines with energy with an elasticity of 0.13. This implies that both labour and capital both substitute equally well for energy with the elasticity of 0.13.
However, on the KE-L specification, there is a negative value for the elasticity of substitution between K and E. At -0.15, this implies that if there is a unit change in the relative price of capital (or energy) there is a reduction in the use of energy (or capital) of 15%. Thus, they can be interpreted as complements (and a value of 0, represented by Leontief technology) would be applied by a CGE modeller. This is not consistent with the positive elasticity (0.13) implied under the first specification.
On the other hand, in the third specification, LE-K, the estimated elasticity of substitution between L and E, 0.18, is much more consistent with what is implied by the first specification. However, the upper level elasticity estimate between LE and K suggests that both energy and labour substitute equally well for capital at 0.31, which is inconsistent with the K-E elasticity of -0.15 from the second specification and the L-K one of 0.04 in the first.
Therefore, the three specifications are telling us quite different things, suggesting that the separability assumptions embodied in the nesting chosen for the production function are indeed very important. As noted above, the overall R 2 statistics implied that the third, LE-K, specification is the best fit of the three, followed most closely by the first, KL-E. However, none perform well in terms of the upper level estimate. Moreover, it may be difficult to find a specification/nesting that may be applied across all production sectors in the UK. For this reason we also carried out sectoral level estimates, which are discussed below. However, prior to discussing these it is worth noting that country level estimates using US data for the full 44 years these are available seemed to give us a clearer story. At the country-level for the US, estimated elasticities for all three alternative nestings were also statistically significant at least at the 5% level (at least) over the longer time period. Moreover, in the KL-E and LE-K cases we found the same elasticities at both nests, with values of 0.11 in the KL-E case and 0.13 in the LE-K case. This suggests that in each case the nesting/separability assumption employed does not matter and the small difference between 0.11 and 0.13 would be unlikely to have a great deal of impact on results from a CGE model. This implies that, in the case of the US, a single level CES function could be employed for the three inputs, with an elasticity of set between 0.11 and 0.13 (though results we found for the third nesting, KE-L, do not support this, though the odd results with the KE-L specification in general, across both the UK and US, may suggest problems with how capital is reported in the data used).
However, when we re-ran the US estimates for a shorter time period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , we found that the estimated elasticities tend to be larger and more statistically significant, and with variation in the elasticity values at the upper and lower nests in the KE-L case in particular. The fact that the estimates became larger also implies that there may be some problem with the data across the full time period (over shorter time periods we would generally expect to observe lower elasticities).
However, the main point is that the variation in results across specifications and at the upper and lower levels means the same problem as described above for the UK: the different nestings are telling us different things about the substitutability between the three different inputs, with the implication that nesting/separability assumptions adopted does matter and some choice needs to be made between the different nestings. Moreover, the sector-level results for the US that are reported in the Appendix to this paper for the full 64 year sample show more variation, suggesting that application of the country-level estimates of both parameter values and nesting structure may be misleading if applied in a multi-sector CGE modelling framework. Appendix 1 shows the sectoral level results obtained using the US data over the years . There is significant variation in the estimates of the elasticity of substitution between sectors and within sectors by input structure. Overall, 65% of all coefficients are statistically different than zero at the 10% level or smaller. The KE-L permutation shows the least amount of coefficients statistically significantly different from zero at the 10% level or smaller.
The other two permutations have the same number of coefficients statistically different from zero.
Only 6 (out of 210) of the estimates are negative and statistically different than zero, with the "Petroleum and Coal Products" sector contributing half of them. A negative elasticity implies that the two inputs are complements rather than substitutes. Only 2 estimates, the inner [KL]E nest of the "Oil & Gas Extraction" and the inner [LE]K nest of the "Transportation Equipment" sector, are statistically larger than 1. Four sectors' ("Agriculture", "Non-metallic Mining", "Furniture & Fixtures", and "Fabricated Metal") estimates are statistically equivalent for both the upper and lower nests for all three permutations.
However, here, given the availability of a CGE modelling framework to test the implications of applying the econometric results in the parameterisation process, we focus our attention on the UK sectoral results, which are reported in Table 3 (below, where we have highlighted the sectors for which we seem to get relatively good estimates and which can be easily mapped to the CGE model sectors introduced in Section 4).
The UK production function results are more variable than the US results. Overall, 75% of all coefficients are statistically different than zero at the 10% level or smaller. No permutation stands out as having few coefficients which are not statistically different than zero. Over half of the KE-L permutation coefficients are negative and statistically different than zero. A small number of coefficients in the other two permutations are negative and statistically different than zero. The inner LE-K nest for the "Electrical and Optical Equipment" and "Transport and Storage" sectors are statistically larger than 1. No sector estimates are statistically equivalent across the three permutations for the UK. This is partially driven by the fact that most of the KE-L coefficients are negative (again, problems with this specification imply that something may be wrong with how we report capital in the data). The "Agriculture, Hunting, Forestry and Fishing" sector has negative and statistically significant estimates for both nests in the KE-L and LE-K permutations. All but one of the six estimates for the "Mining and Quarrying" sector are statistically equal to zero. All upper nests of the "Coke, Refined Petroleum and Nuclear Fuel" sector are statistically equal to zero, implying only the lower nest matters.
Generally, the difficulties encountered in interpreting the econometric results reported here, and also issues in terms of large differences between sectoral level estimates for the UK and US in activities that may be expected to be similar across countries -e.g. "Chemicals"/"Chemicals and
Chemical"-raise questions in terms of the reliability of our work here. This may be in terms of how we have used the KLEM data and/or the estimation methods. 
Computable general equilibrium model -UKENVI
In this paper we develop the UKENVI CGE modelling frameworks of the UK economy that has been employed in our previous research (Allan et al., 2007; Turner, 2009 We develop the UK model to allow a more flexible treatment of energy as an input to production, allowing simulation with alternative nested KLEM production functions. These are shown in Cases A, B and C in Figure 2 (below). Note that it is possible to specify further alternative production functions including the KE-L case we have econometric results for. Note that Figure 2 simplifies with respect to the Energy input -this is actually a (here single level) composite of four energy types -coal, gas, refined oil production and electricity -which are each in turn a composite of domestic and imported commodities.
In this respect, one crucial point to note here is that in any of the KLEM production functions we specify in UKENVI Energy is treated as a produced input. That is, energy is the output of the four UK energy production sectors -Coal, Refined Oil, Gas and Electricity -and the corresponding rest of the world (ROW) sectors from which UK producers and final consumers import. This is an important point as it means that changes in local energy supply prices resulting from variations in capacity and transport costs can be identified (Anson and Turner, 2009 ). It may also explain why some modellers would select the type of KLEM production structure shown in Figure 1 above, where Energy enters the intermediate rather than primary input block of the nested production function. An example is Beauséjour et al (1995) , who distinguish energy from natural resources, which are treated as primary inputs alongside value-added (labour and capital).
Households, Firms and Government are the three domestic institutional sectors. Households' and firms' behaviour are the result of an optimization process with myopic expectations; Government real consumption is held constant in the current application (though this can be endogenised). There is one external (ROW) institution. Since the UK is too small for any price effects in international market to feed back to the target economy, we adopt assumptions typically used for a small open economy in that ROW prices are taken to be exogenous.
1 AMOS is an acronym for A micro-macro Model Of Scotland, deriving its name from the fact the framework was initially calibrated on Scottish data.
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Figure 2: Alternative CES Hierarchical/Nested Production Functions in UKENVI
Intermediate, capital and consumption goods produced locally and imported are considered as imperfect substitutes. UK domestic goods combine with imported goods under the so called
Armington assumption (Armington, 1969) through a CES function (see below).
The outputs of UK production sectors are purchased by industries and by domestic and external final consumers. Each industry in the region produces commodities that can be exported or sold in the regional market. An export demand function closes the model where external demand is sensitive to changes in relative prices between domestic and external prices.
The capital stock is fixed in the short-run, which (given the time period covered by the SAM) we take to be the first year after a disturbance is introduced. Thereafter, adjustment is made to long-run equilibrium, where the capital stock is fully adjusted. Within each period, both the total capital stock and its sectoral composition are fixed. Each sector's capital stock is then updated between periods via a simple capital stock adjustment procedure, according to which investment equals depreciation plus some fraction of the gap between the desired and actual capital stock. The desired capital stock is determined on cost-minimisation criteria. The actual stock reflects last period's stock, adjusted for depreciation and gross investment. The economy is assumed initially to be in long-run equilibrium, where desired and actual capital stocks are equal.
This treatment is wholly consistent with sector investment being determined by the relationship between the capital rental rate and the user cost of capital. The capital rental rate, or return on capital, is the rental that would have to be paid in a competitive market for the (sector specific) physical capital while the user cost is the total cost to the firm of employing a unit of capital. Given that we take the interest, capital depreciation and tax rates to be exogenous, the capital price index is the only endogenous component of the user cost. If the rental rate exceeds the user cost, desired capital stock is greater than the actual capital stock and there is therefore an incentive to increase capital stock (and vice versa in the case of the 'disinvestment effect' defined in Turner, 2009 ). The resultant capital accumulation puts downward pressure on rental rates and so tends to restore equilibrium. In the long run, the capital rental rate equals the user cost in each sector, and the riskadjusted rate of return is equalised between sectors. We assume that interest rates are fixed in international capital markets, so that the user cost of capital varies with the price of capital goods.
In most of the simulations, the total labour stock (but not its sectoral composition) is assumed to be fixed with no natural population change or migration. However, in one scenario (3b in Table 4 ) we allow the labour supply through migration from the rest of the world using a migration function of 15 the Harris and Todaro (1970) type where in any period the decisions of migrants are positively related to the gap between UK and ROW real wages regional and negatively related to the gap between internal and external unemployment rates. In all cases we assume that wages are determined via a bargained real wage function in which the real consumption wage is directly related to workers' bargaining power, and therefore inversely to the unemployment rate (Blanchflower and Oswald, 1994) .
Thus, UKENVI is an inter-temporal dynamic multi-sectoral general equilibrium model of the UK economy. In all but tone case we assume a fixed labour supply at the national level (but subject this to sensitivity analysis in case 3b as explained above), with the dynamics coming through forward looking investment and consumption decisions by firms and households respectively. We simulate tracking the adjustment process of the economy over time, but focus initially on results for the conceptual time periods of the short-run (when capital stocks are fixed) and long-run (when the economy settles on a new post-shock steady state equilibrium). The econometric estimates are for long-run elasticities. However, assuming that investment decisions are required to introduce energy efficiency improvements, it would seem appropriate to use these from the outset in this forwardlooking model (unless there is reason to believe that some inertia exists in the short-term). We conduct simulations of a 5% (exogenously determined) improvement in energy-augmenting technological progress that takes place in all 21 production sectors of the UK economy. The simulation is designed in this relatively simple way in order to focus on the determinants of the resulting economy-wide rebound effect, and to examine how this varies as we introduce the results of the nested production function estimations.
CGE simulation results
Economy-wide rebound effects from increased energy efficiency in production are determined through a series of related effects. First, as efficiency increases in the use of energy, the price of using energy relative to other inputs falls, inducing a positive substitution effect in favour of energy.
Second, the improvement in productivity in production means that the price of output falls in all sectors directly targetted (all sectors here), but also in sectors using the output of targetted sectors as an input to production. Thus, there is a positive competitiveness effect, boosting economic activity throughout the economy, and associated energy use. Third, as incomes increase throughout the economy, there will be further positive impacts on production and consumption activity levels, including energy use. However, underlying all of these effects is the strength of the initial substitution effect and its impact on the cost of production in targetted sectors. The various effects outlined above all involve direct and derived changes in energy demand which relate the economy-wide rebound effect to the general equilibrium price elasticity of demand for energy as opposed to simply the partial equilibrium price elasticities that determine direct rebound effects in response to the effective or implicit energy price change that triggers the rebound process.
However, as explained in Turner (2009) , the economy-wide response will also be impacted by supply-side factors, including any short and/or long run constraints on the availability of primary inputs to production (labour, capital and, where relevant, natural resources such as land), but also the response of energy producers/suppliers to changing demands for their outputs and any resulting impact on market prices. Thus Turner (2009) identifies two further effects, which put downward pressure on energy demand at the macro level and, thus, on economy-wide rebound effects.
The first of these is a negative multiplier effects resulting from reduced intermediate demand for energy inputs from energy supply sectors as demand for their output falls in response to the initial energy saving/pure efficiency effect when efficiency in energy use improves. Turner (2009) finds that, given that energy supply is often a relatively highly energy-intensive activity, the negative multiplier effects may be strong enough to entirely offset increased energy demand at the macrolevel resulting in net negative economy-wide rebound effects (and we find such a result in the case of coal in the simulation results reported in Table 4 ). effects. However, where the demand response is not sufficiently strong to prevent a decrease in the revenues of energy supplier sectors, there will be a negative impact on profitability and the return on capital, which may lead to shedding and/or non-replacement of capital stock. Such a tightening of energy supply conditions will require an offsetting increase in price in order to restore equilibrium in capital markets (see Section 4 above), which will in turn act to constrain energy demand and economy-wide rebound over the long run.
All of the general equilibrium effects outlined above are present in the simulation results presented in Table 4 . Let us begin by considering the first 'central case comparison' in the first two numerical columns of Table 4 , labelled case 1a. Here we have set up the model with the default specification imposed in previous UK analyses by Allan et al. (2007) and Turner (2009) . The general specification is as outlined in Section 4. However, in terms of parameterisation, key elements of the 18 model configuration are that fairly elastic values of 2.0 are applied to all import and export elasticities. In terms of the elasticities of subsitution between each of the aggregate KLEM inputs (and different energy types within E -due to the presence of multiple zeros in the non-energy intermediates matrix we assume Leontief technology in combining the 17 materials inputs in the M composite) these are assumed to take the value of 0.3 prior to the introduction of the econometric estimates from Tables 2 and 3 . This means that the KLEM nesting in Figure 2 effectively collapses to a single level multiple input CES function.
With this default setting imposed we replicate the type of result found in the base case scenarios considered by Allan et al. (2007) and Turner (2009) . That is, with the introduction of a 5% increase in energy-augmenting technological progress in all 21 production sectors identified in the UK economy, production costs and output prices fall stimulating a process of productivity-led growth with a reduction in the CPI (-0.16% over the long-run), and growth in GDP (0.18%) as well as aggregate consumption, investment and employment. The increase in activity is greater over time as the capital stock adjusts through investment. The labour supply is fixed at the national level but the presence of a pool of unemployed labour allows expansion though with increased real wage demands partially off-setting the positive competitivenss effects of the efficiency improvement. The range of energy output and demand results in the lower part of the first two columns of Table 4 demonstrate that there is a net reduction in macro level energy use (2.02%), with economy-wide rebound of less than 100% (38.25%). However, note that the strength of the economy-wide rebound differs across the four different energy types identified, depending on the precise nature of their use (i.e. whether dominated by intermediate, local or external final consumption demands). In the case of coal, we observe a net negative economy-wide rebound effect (-16 .75% over the long-run), which is driven by the reduction in the intermediate input requirements of the electricity sector as it contracts. While not reported in the table, we observe reductions in the return on capital, investment demand and capital stocks in all four UK energy sectors and this disinvestment effect is reflected in the fact that economy-wide rebound is smaller over the long-run in all types of energy use.
In the second central case comparison, labelled case 1b, we adjust the default setting to reflect more recent analyses (e.g. Barrell et al., 2006) that suggest the trade elasticities imposed in our default UKENVI configuration may be too high for the contemporary UK economy. In particular, Barrell et al.'s (2006) analysis suggests that inelastic values (<1) should be attached to export elasticities.
Therefore, in 1b, which is highlighted in Table 4 to indicate that we take it as our main central case scenario here, we reduce export price elasticities for the outputs of all 21 sectors to 0.5. We also reduce import elasticities but retain elastic values of 1.1 for all production sectors and consumers. In reading the results in the third and fourth numerical columns of to 33.97% -but with these impacted by stroner disinvestment and negative multiplier effects), this reduction in price responsiveness dampens the boost to activity from the positive supply shock of the increased efficiency in productive use of energy. In fact, there is evidence of a negative terms of trade effect due to the much more limited responsiveness of export demand to the general improvement in competitiveness. The domestic response is also more limited as reduced import elasticities mean a lower level of substitution away from imports towards now less expensive domestic production. The dampened boost to activity is, however, sufficient for negative substitution effects to dominate positive income effects in import use with a net reduction in reliance in imports (-0.09% over the long-run) in this new central case scenario. However, the main result is that the economic expansion is dampened over the long-run (0.08% compared to 0.18% in case 1a).
The remaining columns of Table 4 show the results of re-running the simulation using different elements of the econometric estimations reported in Tables 2 and 3 to parameterise the model. First, in the fifth and sixth columns we have the results case 2, where we run the model as in 1b but with the country-level estimations reported in Table 2 for the KL-E nesting structure imposed in the production functions of all 21 sectors. That is, imposing the nesting structure in Figure 2B (Case 2 nesting) and replacing the uniform 0.3 default elasticities with 0.13 at the upper KL-E nest and 0.04 at the lower K-L nest. What this does, while separating energy from the K and L inputs (which are constrained, at least in the short run), is reduce the substitution possibilities as energy becomes cheaper relative to other inputs. In turn, this dampens the positive competitiveness and income effects driving the economic expansion (0.05% over the long-run, compared to 0.08% in case 1b) and associated economy-wide rebound (which drops from 33.97% in 1b to 12.44% in case 2, the smallest long-run economy-wide rebound we find across all scenarios in Table 4 ), with increased pressures for negative multiplier and disinvestment effects as the price-driven demand responses are weakened.
In the final three cases in Table 4 , we impose the LE-K nesting structure (Case 3, illustrated in Figure 2C ). First, in case 3a, we impose the country level estimates from Table 2 , with substitution elasticities of 0.31 and 0.18 replacing the default 0.30 at the upper LE-K and lower L-E nests respectively. In comparison to case 2 (the KL-E nesting), we this involves introducing higher elasticities which will allow stronger substitution effects. However, in case 3a, energy now enters 20 the production function at a nest where it first combines with a fixed factor of production (labour) which will put upward pressure on the composite LE price, which limits the strength of the substitution effect. Case 3a actually offers the most interesting comparison with the central case 1b.
Given that the estimated elasticity at the LE-K nest (0.31) is effectively the same as the default (0.30), the differences in the results reported for cases 1a and 3a are explained by the more limited substitution possibilities resulting from the low value of 0.04 on the L-E nest, which knock on to more limited competitiveness effects (note the smaller long-run decrease in the CPI, -0.22% in case 1b and -0.20% in 3a) and income effects leading to a smaller long run increase in GDP (0.06% compared to 0.08% in case 1a). Again, this increases pressure for stronger negative multiplier and disinvestment effects and we observe quite marked differences in the economy-wide rebound results (which fall from 54.41% and 33.97% for aggregate energy use in the short and long run respectively in case 1b to 41.38% and 21.14% in 3a) as a result of what is effectively a single variation in the parameterisation of the production function.
Next in case 3b, given the constraint imposed by combining energy with constrained labour in the lower L-E nest, we choose the LE-K configuration to consider the impacts of relaxing the labour supply constraint over time by allowing migration to fully adjust the labour market so that there is no long-run impact on real wage levels to negatively affect the growth in competitiveness. Case 3b is run exactly the same as 3a except for one variation (i.e. parameterisation is unchanged), which is to allow labour migration in response to changes in the UK real wage and unemployment rates relative to those prevailing externally. This change is reflected in the long-run result under 3b where there is no change in the unemployment rate relative to the base (it falls by -0.87% in case 3a). One key point to note is that this relaxation of the labour supply constraint is sufficient to offset the negative terms of trade effects that dampen the long-run economic expansion observed in 1b, 2 and 3a so that in case 3b this is again bigger than in the short-run (with the GDP impact growing from 0.09% in the short-run to 0.11% in the long-run). However, note that economy-wide rebound is still dampened over the long-run due to the disinvestment effect.
Finally, in case 3c, we return to the fixed labour supply configuration of 3a but replace the countrylevel LE-K parameterisation in the case of the eight sectors highlighted in Table 3. Given that the sectoral level estimation reported in Table 3 generally produces higher elasticities of substitution for both nests in all eight cases, the results reflect stronger substitution effects driving positive stronger competitiveness and income effects and weaker negative multiplier and disinvestment effects. Case 3c actually produces the largest economy-wide rebound effects of all the scenarios reported in Table   4 . This is 41.7% over the long-run at the aggregate energy level, peaking at 66.96% for refined oil, 21 compared to the next highest results observed in 1a, where the aggregate economy-wide rebound is 28.25% over the long-run and the peak is observed in gas at 47.68%, with the dominance of rebound in refined oil in case 3c explained by the higher elasticities being introduced to sectors that are more intensive in their use of this energy type. However, note that the economic expansion is still more limited and impacted over time by negative terms of trade effects, relative to the first central case scenario (long-run GDP growth is 0.08%, the same as in the central case 1b, compared to 0.18% in case 1a). While the case 3c results further emphasise the importance of correctly identifying production substitution elasticities in considering rebound effects of increased energy efficiency (and highlight the need to consider these at the sectoral level), comparison with case 1a
demonstrates that it is clearly also important to consider trade elasticities when considering economic expansion in an open economy such as the UK.
Conclusions and directions for future research
Despite the early working paper status of the research reported here, it is possible to identify some key conclusions and directs for future research. We list these as follows:
1. As we have found in our own previous work and that of others, a clear conclusion that can be drawn from the analyses presented here is that production elasticities are crucial in determining strength of range of general equilibrium effects driving economy wide rebound.
Moreover, this is also clearly true in terms of the structure of production functions employed.
2. Nonetheless, we are most concerned about how much confidence we can have in the econometric estimations presented here. We have suggested different methods that could be adopted in the text above but invite comments and suggestions. However, more generally, there are issues in terms of interpretation and deciding between different econometric findings that are likely to remain of concern even if we improve our estimation methods.
3. We have focussed here on estimating production elasticities. However, our simulation results demonstrate that trade (import and export) elasticities also important and estimation of these should be focus of future work by researchers concerned with estimating economywide rebound. Similarly, assumptions regarding the supply conditions of primary inputs are important, here demonstrated in terms of labour supply expansion through migration. In the case of the UK, econometric consideration of labour migration to and from other EU nations is likely to be particularly importance.
4. Generally, as found in our previous work, supply conditions crucially important in determining the strength (and direction) of economy-wide rebound effects, particularly 22 energy supply response to changing energy demand and prices. Thus, we emphasise the earlier conclusions of the Turner (2009) work that further exploration of negative rebound and disinvestment effects is required.
5. Moreover, while it has not been discussed here, a useful and important direction for future research will be to extend theoretical and empirical research will be to extend to consider (a)
imperfectly competitive (particularly price setting) behaviour and regulated energy supply conditions; (b) impacts on and responsive of external energy suppliers.
6. Generally, consideration of economy-wide rebound effects in the literature has focussed on macro-level energy use in the country under study. However, given the global nature of the climate change problems we currently face, an important extension will be to consider spillover effects to energy demand in trade partners, both directly as activity levels change and in terms of energy embodied in trade flows (with the latter linking in particular to consideration of concepts such as carbon footprints). 
